Methods. We conducted a systematic review of English and non-English articles using PubMed and Embase.com. Included studies reported at least one of the following items: incidence of URA, gender, side of URA, prenatal diagnosis, performance of micturating cystourethrogram, associated CAKUT, urinary tract infection or extra-renal anomalies. Studies that described a mean/median glomerular filtration rate (GFR) and proportions of patients with hypertension, micro-albuminuria or a decreased GFR were also included. Results. Analyses were based on 43 included studies (total number of patients: 2684, 63% male). The general incidence of URA was 1 in ∼2000. Associated CAKUT were identified in 32% of patients, of which vesicoureteral reflux was most frequently identified (24% of patients). Extra-renal anomalies were found in 31% of patients. Hypertension could be identified in 16% of patients, whereas 21% of patients had micro-albuminuria. Ten per cent of patients had a GFR <60 mL/min/ 1.73 m². Conclusions. These aggregate results provide insight in the prevalence of associated anomalies and renal injury in patients with URA. Our systematic review implicates that URA is not a harmless malformation by definition. Therefore, we emphasize the need for clinical follow-up in URA patients starting at birth.
I N T RO D U C T I O N
Unilateral renal agenesis (URA) is defined as the one-sided congenital absence of renal tissue resulting from failure of embryonic kidney formation [1, 2] . Human renal development is initiated at the fifth gestational week and is characterized by highly orchestrated interactions between the outgrowing ureteric bud of the mesonephric duct and the metanephric mesenchyme [3] . As a consequence, renal agenesis occurs when the ureteric bud fails to form the ureter, the renal pelvis and the collecting ducts and the renal mesenchyme to form nephrons [4] .
URA should be discriminated from abnormal or incomplete renal development leading to a non-functioning kidney, as can be identified in a multicystic dysplastic kidney (MCDK) or renal aplasia [5] . With fetal ultrasonography screening routinely performed, clinicians are more often confronted with an apparent diagnosis of URA. Post-natal ultrasound, renal scintigraphy and/or magnetic resonance imaging can further discriminate between MCDK, renal aplasia or renal ectopia (i.e. pelvic kidney or cross-fused kidney) [6] . However, it must be noted that the diagnosis of 'URA' could derive from the spontaneous involution of the MCDK [7] .
URA is often associated with congenital anomalies of the kidney and urinary tract (CAKUT) of the contralateral kidney [8] , such as pelviureteric junction obstruction (PUJO) and vesicoureteral reflux (VUR). Furthermore, URA patients frequently have extra-renal anomalies, such as cardiac, genital or gastrointestinal malformations [9] . Although studies confirm the association of URA with CAKUT and other malformations [8] [9] [10] , the prevalences of these anomalies are not well established.
Assessment of the prevalence of associated malformations in URA may be important as it helps clinicians to ascertain a general and renal prognosis for patients with URA. Some authors report that URA is a more or less harmless congenital malformation [11, 12] , whereas a recent study demonstrated that 40-50% of adults with URA required dialysis by the age of 30 years [13] . Although reported in a selected series of URA patients and thereby likely overestimating the true risk of end-stage renal disease, this impaired clinical outcome may be explained by the hyperfiltration hypothesis, which has been described by Brenner et al. more than three decades ago [14] [15] [16] . Based on animal studies, this hypothesis states that renal mass reduction leads to a vicious cycle of compensatory glomerular hyperfiltration. In the long run, glomerular hyperfiltration may result in renal injury (i.e. hypertension, microalbuminuria and/or chronic kidney disease). In addition, we have recently shown that associated ipsilateral CAKUT are an independent risk factor in the development of renal injury in children with a solitary functioning kidney (including URA) [17] . Thus, it is important for clinicians to be informed about the contralateral urinary tract in URA patients. Therefore, we determined the incidence of URA in the general population as well as the prevalence of associated CAKUT, extra-renal anomalies and renal injury in patients with URA by performing a systematic review of the literature.
M AT E R I A L S A N D M E T H O D S
The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [18] was followed in this systematic review. A review protocol was absent before the start of this study.
Search strategy for identification of studies PubMed and Embase.com were searched for relevant studies (by R.W. and J.C.F.K.) from inception to 3 May 2012 (PubMed) and 14 June 2012 (Embase.com). The following terms were used (including synonyms and closely related words) as index terms or free-text words: 'unilateral renal agenesis', 'solitary kidney' and 'hereditary renal agenesis'. Case reports and animal studies were excluded as index terms. The search strategies used can be found in Supplementary data, Table S1 . In addition, the 'related articles' function in PubMed as well as reference lists from included publications were searched manually for eligible articles. Furthermore, books that published data on URA cohorts were used when available.
Study selection
Included studies reported at least one of the following items: gender, side of URA, prenatal diagnosis, performance of micturating cystourethrogram (MCUG), associated CAKUT, urinary tract infection or extra-renal anomalies. Studies that described a mean/median glomerular filtration rate (GFR) or proportions of patients with hypertension, micro-albuminuria and a decreased GFR were also included.
To accurately analyse cohort descriptions on URA, only studies with at least 10 subjects were included. In addition, we excluded studies that exclusively described female patients with URA and anomalies of the female tract to prevent bias on gender distribution and side of URA. For a detailed review on this topic, see [19] . Finally, studies that reported data on the incidence of URA in the general population were included separately.
When several articles described data as ( part of ) the same cohort, only the study with the largest cohort was included. R. W. and J.A.E.v.W. independently assessed the eligibility of studies using an unblinded and standardized manner. Disagreements between reviewers were resolved by consensus.
Data extraction process R.W. extracted all data by using Review Manager Version 5.1 (Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2011). The following outcome measures were extracted: incidence of URA, gender (male:female), side of URA (right:left), study subjects with a prenatal diagnosis, study subjects investigated by MCUG, associated CAKUT [defined as VUR, PUJO, megaureter, posterior urethral valves (PUV), duplex kidney and ureteroceles], urinary tract infection (one or more), proportion of extra-renal anomalies (cardiac, gastrointestinal, musculo-skeletal and miscellaneous). Finally mean/median GFR (mL/min/1.73 m²) and data on renal injury, i.e. proportions of subjects with hypertension, micro-albuminuria and/or a GFR <60 mL/min/1.73 m², were obtained.
A number of papers reported combined data of congenital solitary functioning kidney, which encompasses URA as well as MCDK. For 23 studies with missing or combined data on one or more of the outcome measures, we contacted the corresponding author by email to obtain additional data. We received a response from 10 (43%) authors of whom 9 (38%) provided missing data. The remaining studies (n = 14) were excluded from analysis.
Data analysis
Analyses were performed using Review Manager Version 5.1 (Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2011). Data on the incidence of URA were analysed separately. As it may be anticipated that a proportion of patients diagnosed with URA in post-natal studies had actually an involuted MCDK or renal aplasia/dysplasia, we differentiated between cohorts based on timing of diagnosis (i.e. preversus post-natal).
Furthermore, we calculated a pooled effect size of weighted mean differences for continuous and proportional data, together with an odds ratio (OR) and 95% confidence interval (CI), based on a random-effects model using meta-analysis methods. A random-effects model was chosen a priori as we had the impression that variation in the study populations would result in between-study heterogeneity beyond that of sampling variability. The weight ( per cent) is based on study size and variation of the data [standard deviation (SD)]. Second, the proportion of males and left-sided URA was compared with the expected proportion (50% or 0.5), taking into account the heterogeneity (I²) between studies.
Finally, a two-tailed P ≤ 0.05 was considered statistically significant in all analyses.
R E S U LT S

Study selection
The search of PubMed and Embase.com provided a total of 4267 citations (for a study flow diagram, see Figure 1 ). In addition, two books [20, 21] were available to the authors. After adjustment for duplicates, 3360 citations remained. Of these, 3245 citations were discarded after reading the title and abstract because of clear non-eligibility to our inclusion criteria. Seven additional studies were excluded because the
full text was not available or the paper could not be translated by the authors. We examined the full text of 108 papers in detail, of which 40 did not meet the inclusion criteria as described. Forty-three studies were included for meta-analysis with a total number of 2684 subjects. In addition, 33 studies reported data on the incidence of URA in the general population, of which 8 studies were also included in the metaanalysis. Table 1 presents studies on the incidence of URA. Based on all available data, the general incidence of URA was estimated to be 1 in 2031, whereas the incidence of URA based on prenatal studies alone (n = 10) was 1 in 8091.
Demographics
Characteristics of all included studies on the prevalence of CAKUT, extra-renal anomalies and renal injury are shown in Table 2 . Overall, most subjects with URA were male (63%, OR: 1.67, 95% CI: 1.49-1.87; P < 0.001; I² = 59%). URA was more often identified on the left side (52%, OR: 1.10, 95% CI: 0.97-1.25; I² = 0%), although this was not different compared with the expected proportion (P = 0.12). Based on the papers that reported the timing of diagnosis (n = 16), URA was diagnosed prenatally in 173 (30% of reported) patients. MCUG was performed in 549 (67% of reported) patients (n = 19 studies).
Prevalence of associated anomalies
Data on associated CAKUT in URA patients were available from 23 studies with 1093 patients (Table 3) . Based on all available data, associated CAKUT were identified in 351 (32%) URA patients. For every CAKUT-type, the analysis was based on the number of studies that reported the presence (or absence) of that specific item. The most common CAKUT was VUR (24% of reported patients). One study [22] reported patients with URA and VUR only and was excluded from this analysis. Other CAKUT were the presence of a megaureter (7% of reported subjects), PUJO (6%), duplex kidney (3%), ureteroceles (1%) and PUV (1%). In addition, 18 studies reported frequencies of urinary tract infections in patients with URA. Overall, one or more urinary tract infection occurred in 30% of patients (Table 3) .
Data on extra-renal anomalies could be obtained from 16 studies (Table 3) . Based on 709 patients, extra-renal anomalies were found in 222 (31%) patients. Data on the type of extrarenal anomalies could be extracted from 12 studies. Of these, gastrointestinal anomalies, cardiac anomalies and musculoskeletal anomalies were identified in 16, 14 and 13% of the reported patients, respectively. As a remainder, miscellaneous anomalies (e.g. undescended testis, hypospadia and central nervous system anomalies) were reported in 15% of patients. For studies that reported female tract anomalies [e.g. uterus bicornis, hemivagina, cloaca and Mullerian hypoplasia/ aplasia, renal agenesis and cervicothoracic somite dysplasia (MURCS)-syndrome] as part of a larger cohort (n = 16), these were described in 55 (11%) female patients.
Prevalence of renal injury
The GFR was reported by 11 studies describing a total number of 437 patients with URA. The calculated pooled mean GFR for all studies was 100 (SD 23) mL/min/1.73 m².
Data on signs of renal injury, i.e. the presence of hypertension, micro-albuminuria and/or a GFR <60 mL/min/1.73 m², could be extracted from 23 studies. Of these, 13 (57%) studies reported the age at follow-up (nine paediatric studies, four adult studies). The calculated pooled median age at follow-up was 9.1 (inter-quartile range 9.0-10.8) years in paediatric studies and 41.0 (inter-quartile range 40.0-57.0) years in adult studies. Based on the available data, hypertension could be identified in 92 (16% of reported) patients, whereas 108 (21%) patients had micro-albuminuria. Finally, 57 (10% of reported) patients had a GFR <60 mL/min/1.73 m² indicating chronic kidney disease stage ≥3 according to the National Kidney Foundation Kidney Disease Outcomes Quality Initiative (NKF KDOQI) guidelines [23] . In these studies, the GFR was determined by the Schwartz formula (n = 6), urinary creatinine clearance (n = 4), inulin clearance (n = 1) or an unspecified method (n = 4).
D I S C U S S I O N
With this systematic review on the prevalence of associated anomalies and renal injury in patients with URA, we have provided an overview of available cohort studies. Our main finding is that one in three patients with URA has additional CAKUT. Furthermore, a large proportion of patients have additional extra-renal anomalies, comprising mostly gastrointestinal, cardiac and musculo-skeletal malformations. Finally, we aggregated data on frequencies of hypertension, micro-albuminuria and an impaired GFR in patients with URA. On the basis of these data, we conclude that one in ∼five patients has at least one marker of renal injury. Although our analysis was based on a subset of patients, these findings indicate that URA implies a potential risk to develop chronic kidney disease [17] .
Furthermore, we estimated that the general incidence of URA is 1 in ∼2000. However, it must be noted that there was a large difference in the incidence calculated from studies with a prenatal diagnosis of URA only (1 in ∼8000). Part of this difference is explained by the low incidence of URA found by Wiesel et al. [24] This large study on prenatal congenital renal malformations in 12 European countries found an overall incidence of 1 in ∼12 000. Excluding this study would lead to an incidence of URA of 1 in ∼3000 based on prenatal studies. It is well known that URA can be difficult to diagnose prenatally as an empty renal fossa could be easily missed due to a large adrenal gland or mistaken for renal aplasia/dysplasia [2] . The increasing accuracy of prenatal ultrasound screening has contributed to the increase in the overall detection of CAKUT in the last decade [25] . Another explanation for the difference between prenatal and post-natal incidences may be found in studies that estimated incidences based on autopsies performed before the era of prenatal ultrasonography. It may be 
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anticipated that part of these patients in fact had an involuted MCDK [7] or renal aplasia/dysplasia [26] instead of 'true' URA, leading to overestimation of the URA incidence. As a consequence of the variability between studies, Robson et al.
[1] reported an overall incidence of URA of 1 in 500-3200. According to our results, URA appears not to be more frequent than 1 in 2000. With prenatal ultrasonography now routinely available in the majority of countries, we expect the true incidence of URA to become clearer in the coming decade. In our systematic review, URA was more often identified in males and to be more often located on the left side. In contrast to the well-described male predominance in CAKUT [27] , differences in side were not statistically significant to when URA was expected to occur randomly (i.e. 50% right versus 50% left).
CAKUT accounts for 34-59% of paediatric and 7% of adult end-stage renal disease worldwide, and has an important impact on renal survival in childhood [28] [29] [30] . Based on our analysis, one in every three patients with URA has additional CAKUT, mostly VUR (one in approximately four of reported patients). Unfortunately, we were unable to discriminate between severe VUR (i.e. Grade IV-V) and lowgrade VUR (Grade I-II). Low-grade VUR may be self-limiting and not harmful, whereas severe VUR might impair renal function due to subsequent frequent urinary tract infections [31] . Therefore, we feel that it is important to be informed about high-grade VUR in these children. This could be done by MCUG, which was not routinely performed in most included studies. Furthermore, non-invasive methods to detect VUR have been increasingly described [32] . One promising method is reported by Ismaili et al. [33] , who showed that a normal renal ultrasound rules out high-grade VUR. However, as the validity of this method still needs to be confirmed in larger cohorts [34] , we feel that detecting highgrade VUR in a child with URA requires an individualized approach.
Of the other identified CAKUT, PUJO and especially PUV could severely compromise renal function. A duplex kidney, megaureter and ureteroceles indicate an increased risk for urinary tract infections and secondary impairment of renal function [35] . In addition, we note that the reported prevalence of CAKUT is somewhat comparable with our previous meta-analysis on unilateral MCDK [5] . On the basis of the high prevalences of CAKUT, we strongly encourage that patients with a congenital solitary functioning kidney are clinically monitored throughout life [36] .
Patients with URA also display high proportions of extrarenal anomalies, which could further influence clinical outcome. Genetic factors seem to play a significant role in the development of URA [37] , especially when URA is part of a more or less defined syndrome. Mutations in genes such as HNF1β, PAX2, SALL1, WT1, SIX1 and EYA1 have all been shown to cause some of these rare syndromes [3, 38] . Nevertheless, many of the underlying genes have not yet been identified. One important example of an association without a genetic culprit is VATER association, in which URA is often one of the identified malformations. Although the aetiology of VATER association has been identified in a small fraction of patients, future genetic studies can be expected to identify more genetic factors [39] . Not only do these studies provide insight into the primary molecular defects underlying CAKUT, and specifically URA, but they may also contribute to ascertain the prognosis of patients with these specific genetic defects.
Based on 437 patients from 11 studies, the pooled mean GFR was within normal range. Nevertheless, we identified hypertension, micro-albuminuria and renal functional impairment in 16, 21 and 10% of URA patients, respectively. This proportion of renal injury might result from glomerular hyperfiltration [16] . However, until now, it is not possible to confirm the hyperfiltration hypothesis in humans due to methodological limitations [40] . Unfortunately, we were 
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unable to calculate the mean age at which renal injury first presented in all URA patients because the included studies did not provide these data. However, it is noteworthy that our analyses on renal injury mostly consisted of paediatric studies [10, 11, 35, [41] [42] [43] [44] [45] [46] [47] . Furthermore, we have recently shown that the median presenting age of renal injury in a large cohort of children with a congenital solitary kidney was ∼15 years [35] . According to the hyperfiltration hypothesis, it could be anticipated that adult patients with URA show even higher proportions of renal injury. However, we have not systematically graded the quality of evidence of the included observational studies. This implies that the proportions of renal injury might be influenced by selection bias since the majority of the included studies were performed at a university medical centre (81%, data not shown). Moreover, possible publication bias must be taken into account when interpreting our results. Despite these limitations, our systematic review provides an important explanation for the reported impaired renal outcome of young adults with a congenital solitary kidney [13] . In this elegant study, Sanna-Cherchi et al. [13] demonstrated that adults with URA show a high frequency of endstage renal disease at 30 years of age, indicating that URA should not be considered a harmless malformation. However, as these results have been described in a selected cohort of patients [48] , generalization of these findings to all URA patients would not be appropriate. Therefore, longitudinal cohort studies are highly needed to define the clinical outcome of URA patients. Until a definitive prognosis has been established, we recommend long-term clinical follow-up of blood pressure, urinalysis and GFR in patients with URA. Our systematic review has several other limitations. The main limitation was the high variability between studies in size of the reported cohorts and the reported prevalences of CAKUT, associated extra-renal anomalies and signs of renal injury. Many studies contained limited data or presented combined results for patients with URA and MCDK or patients with URA and bilateral renal agenesis. In all these studies, we have contacted the corresponding author for additional information. However, missing data from 14 studies could not be obtained. Therefore, we exclusively extracted data for all outcome measures when stratified for URA patients. As mentioned previously, we could not rule out the influence of selection bias and publication bias on our results. Possible selection bias could also be introduced by studies that have been performed before the era of routine prenatal ultrasonography, since patients with a prenatal diagnosis could be considered as the best surrogate marker of an unselected group of URA subjects. Unfortunately, few studies described data on associated anomalies or renal injury in 100% of individuals with a prenatal diagnosis of URA. Nevertheless, with the era of routine prenatal ultrasonography, these data should become available in the future.
In conclusion, our systematic review of 43 cohorts describing over 2600 patients with URA provides insight into the incidence of URA and the demographic characteristics of these patients. Furthermore, we show that one in three patients have associated CAKUT, which are mainly VUR, a megaureter and PUJO. In addition to CAKUT, many URA patients have extrarenal anomalies, such as gastrointestinal, cardiac or musculoskeletal malformations. Finally, we demonstrate that URA is not without potential risks as a subset of patients develops hypertension, micro-albuminuria or chronic kidney disease. Until longitudinal cohort studies define the clinical outcome of URA, we emphasize the need for regular follow-up in URA patients.
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